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ABSTRACT
This thesis deals with guided self-assembly of gold nanoparticles from their col-
loidal solutions onto silicon substrates and possible employment of nanoparticles
for detection of biomolecules. It was found that by adjustment of solution pH and
surface chemistry modification by means of electron beam irradiation it is possible
to facilitate nanoparticle deposition to patterns with almost single particle precision.
Spectroscopic ellipsometry was then employed in analysis of self-assembled layers of
nanoparticles and its combination with a theory of effective medium approximation
has proven the ability to assess nanoparticle dimensions and volume fractions. By
experiments with thiolated oligonucleotides it has been shown that using ellipsome-
try one can detect even with very subtle changes in nanoparticle environment caused
by biomolecules, thus promising its possible use in the field of biodetection.
KEYWORDS
metallic nanoparticles, colloidal gold, silicon, spectroscopic ellipsometry, biodetec-
tion, oligonucleotides, self-assembly
ABSTRAKT
Tato práce se zabývá depozicí zlatých nanočástic na křemíkové povrchy pomocí
řízeného uspořádávání z jejich koloidních roztoků a možným uplatněním nanočástic
v detekci biomolekul. Bylo ukázáno, že upravením pH roztoku a modifikací povr-
chových chemických skupin pomocí expozice vzorku elektronovým svazkem je možné
dosáhnout depozice nanočástic do polí s velkou přesností. Spektroskopická elipsome-
trie byla poté využita k analýze připravených vrstev nanočástic a její kombinace s
teorií efektivních prostředí prokázala schopnost určit rozměry nanočástic a jejich kon-
centraci na povrchu. Za pomocí experimentů s thiolovanými oligonukleotidy bylo
ukázáno, že s pomocí elipsometrie lze detekovat i malé změny v okolí nanočástic způ-
sobené přítomností biomolekul, což může umožnit její využití v oblasti biodetekce.
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1 INTRODUCTION
Gold nanoparticles (AuNPs) have received much attention in recent years due to
their distinct physical and chemical attributes that make them excellent scaffolds for
whole range of technological and medical applications. They provide high surface-to-
volume ratio with excellent biocompatibility and also possess unique optical proper-
ties in terms of extremely high extinction coefficient, environment-dependent colour,
and excellent fluorescence quenching ability, which makes them favoured compo-
nents for biosensor development [1]. Moreover, some of these properties can be
easily tuned by varying AuNP size, shape, or surrounding environment [2].
Although colloidal solutions of nanoparticles have been utilized in great variety
of applications, it seems beneficial to deposit the nanoparticles on solid substrates
and to control their density and precise position. Possible applications of nanoparti-
cles immobilized on surfaces include enhancement of the efficiency of solar cells [3],
selective growth of nanowires [4] and, especially, the rapidly developing field of
nanophotonics [5].
Despite the fact that natural thermodynamic and chemical barriers often hinder
the self-assembly of nanoparticles onto solid substrates, various procedures have been
developed to achieve this goal. Unfortunately, these often involve rather complicated
steps and also major modifications of either solid substrate or nanoparticle surface:
typically applying a thick polymer coating or a layer of self-assembled alkoxysilane
molecules [6]. Even more complicated are methods for guided metallic nanoparticles
assembly, usually requiring some additional steps in terms of surface topography or
chemical modification. These methods have proven to be valuable and in fact in
many applications those interlayers do not impair the desired application. But as
the field is aiming towards devices and techniques with even better sensitivity, these
may turn out to be hindrance.
In the first chapter of this thesis a simple procedure leading to self-assembly of
AuNPs onto silicon substrates is shown. It is based on intentional modification of
colloidal solution pH. Key factors playing a major role in this approach are described
and its ability to cover the surface with high concentration of nanoparticles (>
300 µm−2) is demonstrated. Extending the work published recently by our group [7]
using ions, a very powerful method for guided self-assembly is introduced as well,
employing silicon substrates pre-patterned by electron beams. These procedures for
fabrication of both ordered and disordered arrays of nanoparticles are free of any
interfacial layers or complex surface modification by chemicals. Only bare silicon
surface and low energy electron beam is necessary to achieve nanoparticle assembly
with almost single-nanoparticle precision.
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The next chapter deals with extraordinary optical properties of metallic nanos-
tructures which arise from their ability to support resonant excitations of coupled
optical fields and electron oscillations, that is surface plasmon resonances (SPRs).
The basis for analysis of films of metallic nanoparticles is established by combining
spectroscopic ellipsometry with a theory of effective media approximations (EMA).
Important characteristics of AuNP films, such as their dimensions or volume frac-
tions, are assessed by this combination of measurement and theoretical modelling.
Last chapter is devoted to a possible application of metallic nanoparticles — the
plasmonics-based detection of biomolecules, or simply plasmonic biosensing. Despite
employment of metallic films which dominates the field, nanoparticles have been
proposed to be valuable system as well. For example, the binding event between
the recognition element and some analyte (substance of interest in an analytical
procedure) can alter plasmon resonance absorption, sample conductivity, etc., which
in turn can generate a detectable response signal.
Application of spectroscopic ellipsometry in the field of plasmonic biosensing is
demonstrated by an experiment involving functionalization of AuNP layers by thi-
olated oligonucleotides and their subsequent detection using an ellipsometer. Even
though further evaluation of reliability and accuracy of this method should be per-
formed, the outcomes suggest that this biosensing scheme is sensitive enough to
detect subtle changes on the nanoparticle surface and thus may be possibly incor-
porated in next generation of healthcare devices.
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2 GOLD NANOPARTICLES
Gold nanoparticles (AuNPs) play a particularly important role in nanotechnology
because they are ideal for interfacing with biomolecules and cells. AuNPs are avail-
able in large quantities with excellent shape uniformity and narrow size distribution.
At the same time, they are stable, non-toxic, conductive, and catalytically active.
In the following section we will introduce main methods of AuNP preparation and
explore how different fabrication procedures can result in different surface properties
of nanoparticles.
2.1 Preparation of nanoparticles
Metallic nanoparticles have been used for centuries by artists and craftsmen during
glass colouring processes. The first scientific report about synthesis and properties
of colloidal gold, however, was not given until 1857 when Michael Faraday reported
formation of a ruby red solution of colloidal gold [8]. Since then, numerous prepar-
ative methods have been made public, including both top-down and bottom-up
approaches [9].
The top-down strategy resides in selective removal of a material from bulk, leav-
ing only desired nanostructures, and common examples of such procedure are vari-
ous lithographic techniques along with chemical etching. In the bottom-up method,
atoms (emerging from reduction of ions in liquid) are assembled one by one under
thermodynamic and chemical control, thus forming desired nanostructures. The
major disadvantages of this approach are complicated control of monodispersity
and necessity to overcome various thermodynamic barriers. Yet the possibility of
large-scale production as well as the lowest dimension limit virtually being individ-
ual atoms outweighed those drawbacks and the overwhelming majority of colloidal
nanoparticles is usually prepared by synthesis in aqueous solutions [10]. Moreover,
thanks to an extensive recent research, various approaches to the nanoparticle syn-
thesis are well explored nowadays.
The simplest and most common of these methods was developed by Turkevich
et al. in 1951 [11]. It is based on chemical reduction of chloroauric acid (HAuCl4)
by sodium citrate, during which the reduced gold atoms slowly cluster together and
are gradually being capped by the negative charge carrying citrate ions, which thus
act as both reducing and stabilizing agent (see Figure 2.1). By careful adjustment
of the reagents amount and reaction conditions it is possible to control the growth
of nanoparticles. Further studies [12] enabled much precise and wider control over
AuNP size and shape monodispersity, which has been essential in understanding
of a relationship between their morphology and their optical response. They also
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Fig. 2.1: Skeletal formula of a citrate ion, featuring three dissociated carboxyl groups,
which play an important role in AuNP stabilization.
provided additional insight into kinetics of the reaction process [13, 14] as well as
introduction of variety of other capping ligands such as thiols [15], polymers [16] or
proteins [17].
Nowadays, it is possible to obtain very stable solutions with narrow distribution
of nanoparticle sizes. On top of that, large scientifically driven demand made them
commercially available from variety of suppliers (BBI, Ted Pella, Sigma-Aldrich),
with diameters in the range of 2–250 nm, stabilized by various ligands or even pre-
functionalized by proteins or polymer coatings, which is useful for further bioconju-
gation strategies (see Chapter 4).
The crystallographic structure of AuNPs is strongly dependent on a preparation
procedure [18] and is usually quite complex rather than being perfectly monocrys-
talline [19]. Thanks to an extreme resolution provided by aberration-corrected trans-
mission electron microscopy (TEM) and advances in 3D reconstruction algorithms
a complete investigation of the inner structure, surface morphology, and even lattice
strain at a single particle level is possible today. This is demonstrated by a TEM
micrograph of a citrate capped nanoparticle on top of a graphene membrane in Fig-
ure 2.2. The columns of gold atoms forming a crystal lattice can be clearly seen as
well as the weakly adsorbed citrate ions on the surface of the nanoparticle.
In the following section, the surface properties of metallic nanoparticles will be
explained together with their relevance to ability of nanoparticles to self-assemble
onto silicon surfaces.
2.2 Surface properties of nanoparticles
Nanoparticles used in this study bear a negative charge due to weakly adsorbed
citrate ions. Unfortunately, it is not feasible to measure either charge or potential of
the individual nanospheres in a colloidal solution. Therefore in colloidal science, the
quantification is done by introducing so called zeta potential, which can be measured
indirectly by various electrophoretic techniques [21]. The zeta potential is — in a
simplified way — a value of electrostatic potential in some particular distance from
6
Fig. 2.2: An atomic resolution image of a 10 nm gold nanoparticle and its surrounding
citrate capping agent on the top of a graphene membrane. (a) An enhanced-contrast
filtered image, where the graphene reflections were subtracted in a digital diffractogram of
the entire image (see inset). (b) An image of the citrate molecules, obtained by masking
the graphene and gold reflections in the Fourier-transformed image in order to isolate and
image the citrates. Adapted from [20].
a charged surface. Although it is in general very difficult to extrapolate the value
of surface charge from the value of zeta potential, it has been shown that for some
materials (including SiO2) there is no difference between value of zero zeta potential
and zero surface charge [22]. Therefore, it is in practice not necessary to distinguish
e.g. between positively charged silicon surface and silicon surface with positive zeta
potential.
The zeta potential of colloidal nanoparticles strongly depends on their surround-
ings. Because colloidal solutions are usually water-based, the concentration of both
positive and negative ions becomes very important, as these ions are electrostati-
cally attracted to a nanoparticle surface and gradually screen out its charge. For
the stability of colloidal solutions it is crucial that individual nanoparticles repel
each other and do not aggregate. Aggregation of nanoparticles might occur when
the zeta potential decreases as a result of intense charge screening.
In Figure 2.3, the zeta potential of silicon dioxide, silver and gold nanoparticles
in solutions having various pH is shown. It should be clear that thanks to the
citrate capping (silver nanoparticles are made in a similar way to the gold ones)
each nanoparticle bears a number of –COO– terminating groups, which may act as
a sink for protons [27]. By definition, the concentration of protons increases with
decreasing pH; therefore the zeta (surface) potential of nanoparticles also decreases
with decreasing pH, which often leads to lower stability of solution and nanoparticle
7
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Fig. 2.3: a) Schematic illustration of colloidal gold nanoparticle surrounded by positive
and negative ions from its environment. Relevant electrokinetic potentials [21], including
zeta potential, are defined at interfaces between various layers. b) Zeta potentials of silica
surfaces and gold/silver nanoparticles as functions of pH of the surrounding environment.
Grey colour marks the region in which it is possible that silica/silicon surface and nanopar-
ticles attract each other (see inset on top). The trend of the data for nanoparticles suggests
the possibility of low stability of colloidal solution at low pH, namely silver nanoparticles
being less stable than gold ones. Data adapted from [23, 24, 25] (SiO2), and [26] (Ag/Au
NPs).
flocculation in sufficiently acidic environment, i.e. aggregation of the nanoparticles
due to lack of electrostatic repulsion at low pH and prevailing attractive van der
Waals forces. Note, that colloidal solutions are usually considered unstable if their
respective zeta potential value decreases below ±30mV [28].
In the case of silica surface it can be seen (Figure 2.3) that in the region around
pH of 4 its zeta potential reaches zero (so called isoelectric point) and in more acidic
environment it is even possible to measure positive zeta potential (corresponding to
positively charged surface). Because the surface of a silicon wafer is under ambient
atmospheric conditions always covered by a native oxide, one would expect that
its behaviour should significantly resemble that of silica. This is partly true, but
due to distinct final fabrication procedures the surfaces of silicon wafers may be
terminated by different end groups (–H, –O−CHx, –OH, . . . ). As a consequence,
the isoelectric point will be different for silicon substrates with different fabrication
history and the zeta potential curve will be shifted to more positive or negative
values, depending on surface termination. The general shape of the curve (positive
for low pH, negative for higher) will be preserved (see Section 2.3). The message
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given in previous paragraphs and Figure 2.3 should be clear — there is a region of
pH where colloidal nanoparticles and silicon surface may attract each other and the
rate of their deposition on the surface could thus be efficiently increased. In the next
section more profound description of this self-assembly process is provided together
with an account of silicon wafers surface chemistry.
2.3 Self-assembly of gold nanoparticles
onto solid substrates
In addition to application of free nanoparticles (biosensors [29], water treatment
agents [30], or drug carriers [31]), there are many applications which require their
immobilization and precise placement, such as enhancement of the efficiency of solar
cells [3], selective growth of nanowires [4] or nanoparticle utilizaiton in the field of
nanophotonics [5].
Silicon is a substrate of choice for deposition of nanoparticles as it is the leading
platform for electronics integration and thus acts as a basis for linking conventional
electronic circuits with plasmonic structures made of nanoparticles. The basic idea
for nanoparticle deposition was indicated in the previous section: The typical col-
loidal gold solution has a pH of 5.5 whereas the isoelectric point of conventional
silicon wafers varies between pH of 3–4 [32]. The adhesion of AuNPs to a silicon
surface from the as-received solution is thus prevented by the repulsion between the
two negatively charged surfaces, namely by –COO– termination of the gold colloidal
nanoparticles and –O– termination of the native oxide on the silicon surface. To
achieve self-assembly of AuNPs, the pH of their solution has to be lowered below the
isoelectric point of a particular substrate, turning its surface potential to positive
values [33], and consequently leading to enhanced deposition of AuNPs onto silicon
surface.
Two silicon substrates of different origin have been used for experiments with the
self-assembly of AuNPs. Although they are both covered with native oxide, their
terminating chemical groups differ due to distinct final steps in corresponding silicon
wafer fabrication. Silicon substrate denoted in further text as sample A have been
dried in hot isopropyl alcohol as the last step of the fabrication. Because of that,
the surface of its native oxide is terminated by –H and –CHx surface groups which
give rise to its hydrophobic behaviour [34]. Sample B, on the other hand, have been
rinsed in ultraclean water at the end of a fabrication process, and its native oxide is
terminated by hydrophilic –OH groups [7]. The properties of both types of samples
are summarized in Table 2.1.
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Tab. 2.1: An overview of important properties of two distinct types of silicon wafers used
in the experiments with AuNPs self-assembly. Notation of less or more hydrophilic surface
is based on contact angle measurements in Ref. [7].
Sample A Sample B
Manufacturer Siltronix ON Semiconductor
Orientation 111 100
Resistivity (W cm) 0.01 6–9
Final bath isopropyl alcohol ultraclean water
Termination –H, –CHx, –OH –OH
Surface more hydrophobic less hydrophobic
As indicated in Section 2.2, the surface groups strongly affect the value of iso-
electric point of the substrate because they are susceptible to protonation or de-
protonation i.e. addition or removal of protons from their molecules. The degree
of (de)protonation at given pH is characterized by a dissociation constant, which
varies for different surface groups. Consequently, the overall surface potential in-
volves contributions of all charged species which have arisen on the surface due to
(de)protonation.
The difference in isoelectric points of the two substrates was confirmed by exper-
iments on deposition of AuNPs (BBI, which are summarized in Figure 2.4. Since
the isoelectric point of the sample B is lower than the pH of as-received colloidal so-
lution (pH 5.5), the deposition of nanoparticles is blocked by electrostatic repulsion.
Acidification of the solution to the pH of 4, however, turns the surface potential of
the sample B to positive values and the deposition rate of AuNPs is significantly
increased (compare insets I and II in Figure 2.4). Although such pH is sufficient for
deposition onto a sample B, the deposition is still prevented onto a sample A (see in-
set III in Figure 2.4). Therefore even more acid has to be added to shift the solution
pH to the value of 2.5. Only then the polarity of the surface potential is reversed
and the deposition is enabled (inset IV in Figure 2.4). The reason for this behaviour
is the difference in surface groups of respective silicon wafers. Sample A is initially
more resistant to oxide etching due to –H and –CHx surface termination [35] so
higher concentration of acid has to be used for colloidal solution modification. In
sufficiently acidic solution, the oxide is being etched and oxidized at the same time.
This results in exchange of surface groups which are now replaced by hydrophilic –
OH groups [34]. The sample surface potential is turned positive (at lower pH though)
and the deposition proceeds in the same way as for sample B. It should be noted
that despite the crystallographic orientation and resistivity is different for sample A
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Fig. 2.4: Schematic representation of the surface potentials of silicon wafers with two
different isoelectric points. The insets are SEM micrographs of sample surface after 2 h
immersion in colloidal solutions of AuNPs (diameter 20 nm) with modified pH. Insets I
and II show sample B after immersion in an as-received and 3mM HF-modified solution,
respectively. Insets III and IV show sample A after immersion in 3mM and 12mM HF-
modified solution, respectively. Scale bars are 200 nm. After [7].
and sample B (see Table 2.1), experiments have shown that none of these factors
matters in the self-assembly of AuNPs [7].
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2.4 Guided assembly of nanoparticles
Optical properties of metallic nanostructures will be fully described in Chapter 3
but we will mention now that they strongly depend on their size and geometry. En-
sembles and clusters of metallic and core-shell metal-dielectric nanoparticles may
act as building blocks of various nanostructures. Examples of such application cover
plasmonic waveguides [36], nanostructures for second harmonic generation [37], or
tuneable plasmonic antennas that support a broad range of resonances (see Fig-
ure 3.4 in Chapter 3).The precise control over spatial organization of nanoparticles,
their interparticle distances and mutual orientations is therefore required.
Under normal conditions nanoparticles adhere to a substrate surface randomly.
For reasons explained in the previous paragraph it is of great interest to control their
spatial distribution.Vast majority of approaches developed so far can be classified
within three categories where the control of assembly process is based on chemical
recognition, electrostatic attraction, or surface topography patterning.
For the chemically driven self-assembly the key factor is binding of nanoparticle
capping molecules to patterns made of counterpart molecules. Such molecular-based
positioning typically employs templates (made of thiolated DNA [38] or alkanethi-
ols) which are fabricated using photolithography, electron beam lithography (EBL),
micro-contact printing, or dip-pen nanolithography [41] (Figure 2.5a). In one exam-
ple of such “chemical EBL”, molecular patterns were formed by electron irradiation
via selective conversion of terminal groups of large molecules self-assembled on the
silicon surface, whose protonated states then served as binding sites for nanopar-
ticles covered with the negative citrate [42]. Self-assembly guided by electrostatic
attraction is usually achieved by charging of an insulating layer (e.g. polymer) using
electron beam [43, 44] or by trapping the charge inside so called electret layer [45, 39]
(Figure 2.5b). Another approach to the controlled assembly of nanostructures which
is based on controlling the surface topography by means of EBL (e.g. assembly of
polystyrene latex particles [46]) and/or utilization of capillary forces, which can over-
come thermal fluctuation and guide the assembly of particles during their solvent
evaporation (e.g. AuNPs [47]) — see Figure 2.5c.
Although strategies described in previous paragraphs have proven themselves to
be useful for guiding the self-assembly of particles with dimensions on both micro-
and nanometer scale, they indeed have some drawbacks: Large amount of steps some-
times makes the whole fabrication procedure rather complex, patterned substrate
can change the optical response of nanostructures [40], and interfacial layers are un-
desirable for some applications, e.g. because they interfere with plasmon resonance
of metallic nanoparticles. Even the mono-molecular layer employed in Ref. [42] can
alter the performance of e.g. sensing devices.
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Fig. 2.5: Three types of directed self-assembly. (a) Chemical recognition: Fabrication
of nanopatterns by EBL is followed by their functionalization with thiol-terminated DNA
and subsequent hybridization with DNA-capped AuNPs. After [38]. (b) Electrostatic
attraction: Charge is “written” into a 100 nm PMMA thin film by an AFM tip. Then the
sample is immersed in a gold colloidal solution and developed in an adequate solvent. Af-
ter [39]. (c) Topography-based assembly: Water droplet containing silica-gold nanoshells
is sandwiched between glass slide and substrate with an EBL-patterned polymer layer. By
moving the droplet meniscus across the substrate the particles are pushed into the voids
by capillary forces. This results in an assembly of heptamers on the template with 32%
yield. After [40].
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These problems have been overcome by our group as we have achieved guided
self-assembly of AuNPs onto bare silicon substrate pre-patterned by ion or electron
beams [7]. Our previous work was mostly focused on Ga+ ions. Due to lower sample
damage, and also smaller probe size, in this work we have concentrated on electron
beams. The crucial element of this procedure — the modification of sample surface
by impinging electrons or ions — will be described below, together with experimental
results showing structures fabricated this way.
2.5 Patterning of silicon substrates
by electron beam
For fabrication of ensembles made of precisely placed nanoparticles a novel approach
developed by our group was used. The fundamental advantage of this approach is
an exclusion of any additional interlayer or topography template — only bare silicon
surface irradiated by electron or ion beam serves as a template for guided deposi-
tion of AuNPs from colloidal solution. The control over deposition is attained by
appropriate electron fluence (number of electrons per unit surface, cm−2) during the
irradiation step together with a pH-modification of the solution during the assembly
step.
Two modes of patterning procedure can be distinguished on samples exposed to
different fluences of electrons. Exposure to an electron beam with low fluence pro-
motes exchange of significant surface groups: On sample A, –H and –CHx groups
are most likely to be replaced by –OH groups (under normal atmospheric condi-
tions); on sample B the number of –OH groups, which are already present on that
type of sample, is increased. As these groups are susceptible to protonation in acidic
environments (–OH → –OH+2 ), on both samples this leads to stronger affinity of
nanoparticles towards their surface compared to non-irradiated sites. Exposure to
higher fluences of electrons, on the other hand, limits the adsorption of nanoparticles
and eventually blocks it completely. This outcome can be attributed to a contamina-
tion layer produced by beam-induced decomposition and subsequent deposition of
hydro- and fluorocarbons adsorbed on the surface prior to irradiation [48]. Evidences
supporting this conclusion were provided by XPS and FTIR spectrometry [7].
It has been already described in Section 2.3 that pristine surface of sample A
does not attract nanoparticles unless their colloidal solution is substantially acidified.
Yet after exposure to proper fluence of electrons the surface groups are modified
and adsorption of nanoparticles upon the exposed area is promoted. Examples of
sample A patterned by electron beam are shown in Figure 2.6. It can be clearly
seen how the increasing fluence of electrons promotes nanoparticle adhesion. When
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Fig. 2.6: Deposition of AuNPs on sample A with square patterns exposed to electron
beam. (a) Schematic illustration of low fluence electron irradiation impact on surface
terminating groups and surface potential of sample A .(b) SEM micrograph of sample A
surface, pre-patterned by 5 keV electrons, after 2 h immersion in the colloidal solution of
AuNPs with mean diameter 20 nm modified by 2.5mM hydrofluoric acid. The 2×2 µm2
squares were irradiated with fluences (cm−2) inscribed above each of them. The large
white spot is a piece of dust contaminating the sample.
an optimal fluence is used, a dense layer of nanoparticles covers the exposed area
(positive deposition). Its further increase, however, gives rise to contamination of
the surface and the deposition of nanoparticles from solution is suppressed in the
end. The rim of nanoparticles adhered around the overexposed area is due to its
irradiation by a Gaussian tail of the electron beam [48].
Analogous procedure can be performed on the sample B, as demonstrated in
Figure 2.7. Opposed to the sample A, an unexposed surface of this sample at-
tracts nanoparticles from slightly acidified solution so the starting concentration of
nanoparticles on the surface is already high. Nevertheless, there is still an increase
in their amount on areas exposed to low fluences of electrons. For higher fluences,
the contamination again takes place and nanoparticles cover only areas which have
not been irradiated by the electron beam (negative deposition). Unfortunately, the
rim caused by inhomogeneous beam intensity profile can be observed again.
To demonstrate the fabrication potential of negative deposition, squares and
circles with various dimensions were patterned on the surface of sample B with high
fluence of electrons. The result is shown in Figure 2.8, where one can clearly see that
with this approach it is possible to control the assembly of nanoparticles down to the
sizes of 1 µm. Below this scale, the effects of beam shape and scanning path become
15
Fig. 2.7: Deposition of AuNPs on sample B with square patterns exposed to electron
beam. (a) Schematic illustration of electron irradiation impact on surface terminating
groups and surface potential of sample B. (b) SEM micrograph of sample B surface, pre-
patterned by 5 keV electrons, after 2 h immersion in the colloidal solution of AuNPs with
mean diameter 20nm modified by 2.5mM hydrofluoric acid. The 3×3 µm2 squares were
irradiated with fluences (cm−2) inscribed above each of them. Below are magnified images
of squares patterned with (c) lowest fluence (6.2× 1015 cm−2) and (d) highest fluence
(4.7× 1017 cm−2), respectively. Please note that due to low magnification of the images,
the individual AuNPs might not be resolved, but their presence is indicated by brighter
areas.
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Fig. 2.8: Examples of negative deposition. Images are SEM micrographs of squares and
circles patterned by 5 keV electrons on sample B, which was then immersed for 2 h in a
colloidal solution of AuNPs with mean diameter 20nm modified by 2.5mM hydrofluoric
acid. The shapes and sizes of irradiated areas are marked by dashed lines with relevant
side or diameter dimensions inscribed. The fluence of electrons was 4.4× 1017 cm−2 for
all shapes. Please note that view fields are not the same for all images in order to show a
reasonable amount of details.
more significant. Notice, for example, the groups of nanoparticles in the centres of
patterned circles, which are remnants of spiral scanning path of electron beam, or
how nanoparticles are pushed away from the intended irradiation area. The control
over resulting structure is therefore limited in these cases.
One possible way how to overcome some of the problems described above is to use
negative deposition to produce positive-like structures (pseudo-positive deposition).
The resultant structures then resemble those fabricated by positive deposition on a
small scale but on a large scale it is clear they were fabricated using negative-type
deposition. Examples of such structures are shown in Figure 2.9. It can be seen
that resultant squares and circles consist of nanoparticles which were repelled from
the irradiated annular area. The size of fabricated structures is thus reduced while
maintaining a good quality of their outline. But still, the precise positioning of
individual nanoparticles is difficult to achieve using this method.
The most suitable approach to accurate nanoparticle arrangement seems to be
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Fig. 2.9: Examples of pseudo-positive deposition of AuNPs. The patterns on the sur-
face of sample B were irradiated by 5 keV electrons with fluence of 4.4× 1017 cm−2 and
immersed for 2 h in a colloidal solution of AuNPs with mean diameter 20 nm modified
by 2.5mM hydrofluoric acid. Exposing annular areas (one example hatched) to electron
beam results in structures (detailed on insets) which resemble those achieved by positive
deposition.
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Fig. 2.10: The role of irradiated spot dimensions in positive depositions. SEM images
show the surface of sample A, patterned by 5 keV electrons and immersed for 2 h in a
colloidal solution of AuNPs with mean diameter 20nm modified by 2.5mM hydrofluoric
acid. The fluence of electrons (2.3× 1016 cm−2) and the pitch of rectangular grid of irradi-
ated spots (200 nm) were equal in both cases; the diameter of circular spots was different
though, being 100 nm in a) and 20 nm in b). Bar graphs in both images show a percentage
at which a particular number of AuNPs can be found at the irradiated spots (see examples
of 20 nm AuNP clusters in a).
the positive deposition. In Figure 2.10 it is shown how by reducing the size of
irradiated spots we can achieve guided assembly into clusters consisting of only
several nanoparticles. Insets show the percentage at which particular number of
nanoparticles can be found at individual irradiated spots. In the left image, the
number of nanoparticles at each spot is most likely between 1–3 for irradiated circular
spots with diameter of 100nm. With decreasing diameter a lot of vacant places
appear. This is depicted in the right image, where unoccupied sites dominate the
statistics of irradiated 20nm spots.
Similar impact on the quality of resultant assembled clusters has the change
in fluence of electrons as highlighted in Figure 2.11. Low fluences are insufficient
to promote adsorption of nanoparticles and significant amount of vacant spaces is
present in the patterned grid. As the fluence increases, the histogram maximum
shifts and for sufficiently high fluences two-and-more clusters become prevalent.
In this chapter it has been shown that by applying the knowledge of surface
chemistry of both colloidal nanoparticles and solid substrates it is possible to con-
trol nanoparticle self-assembly with very good reliability. Although only the case
of 20nm AuNPs and silicon has been manifested, the method was also successfully
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Fig. 2.11: The role of electron fluence in positive depositions. SEM images show the
surface of sample A, patterned by 5 keV electrons and immersed for 2 h in a colloidal
solution of AuNPs with mean diameter 20nm modified by 2.5mM hydrofluoric acid. The
pitch (200 nm) of a rectangular grid and diameter of irradiated spots (60nm) was the
same for all patterns; the fluence of electrons (cm−2) is different in each image and it is
inscribed in top-left corners. Insets show a percentage at which a particular number of
AuNPs can be found at irradiated spots.
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applied to AuNPs with larger and smaller dimensions. The general scheme is most
likely applicable also to other materials (e.g. silver nanoparticles). Moreover, using
charged particle beams it is even possible to pattern the substrate and thus achieve
a guided self-assembly of nanoparticles onto previously selected areas. With cor-
rect spot-size and electron fluence one can carry out nanoparticle deposition with
almost single particle precision. The shape of irradiated spot has proven to play a
significant role as well (results have not been shown) which is introducing an idea
of patterning the surface by spots of various shapes which would then facilitate the
assembly of only specific clusters or short chains of nanoparticles. With such ensem-
bles of nanoparticles special optical properties are often associated [40], and even
the nanoparticles themselves response to electromagnetic radiation in a way which
is different from bulk. These properties will be addressed comprehensively in the
following chapter.
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3 OPTICAL PROPERTIES OF
METALLIC NANOSTRUCTURES
Metallic nanoparticles have been studied mainly because of their size- and shape-
dependent optical and electronic properties, which can be illustrated on example of
bright colours of noble metal colloidal solutions. This phenomenon is a direct conse-
quence of resonantly enhanced absorption and scattering of light in the visible range
of electromagnetic spectrum. The enhancement is based on collective oscillations of
free conductive electrons coupled to an interacting electromagnetic field (so called
surface plasmon polaritons, SPP, or simply surface plasmons).
In the case of metallic nanostructures, whose conduction electrons are confined
within the nanostructure itself, a non-propagating form of the resonant conduc-
tion electron excitation takes place — so called localised surface plasmon resonance
(LSPR). In the following paragraphs it will be shown how LSPR arise naturally from
the electrodynamics of conductive particles in an oscillating electromagnetic field,
and what consequences it has for their optical properties.
3.1 Theory of scattering by small particles
The problem of scattering and absorption of electromagnetic radiation by a sphere
was originally solved by Mie in 1908 using Maxwell’s equations [49]. Yet for qual-
itative analysis his full multipole solution is not necessary, and the lowest-order
approximation (so called quasi-static or dipole approximation) can be used instead.
Note, however, that this approximation is valid only for nanoparticles with dimen-
sions much smaller than wavelength of the incident light. As long as this condition
is fulfilled, the retardation effects (i.e. phase shifts of the electromagnetic field over
the nanoparticle diameter) are negligible, and it is sufficient to take into account
only dipolar oscillations.
As illustrated in Figure 3.1, the electric field of an incoming light induces po-
larization of free conduction electrons across the particle. Much heavier ionic cores
then give rise to a restoring force which causes electron oscillations. Nanoparticles
illuminated by light thus act in a way analogous to radiating dipoles. The dipole
moment p induced inside a homogeneous, isotropic sphere of radius 𝑅 located in
uniform electrostatic field E is given by
p = 4𝜋𝜀0𝜀m𝑅3
𝜀− 𝜀m
𝜀+ 2𝜀m
E, (3.1)
where 𝜀 and 𝜀m are dielectric functions of the sphere and surrounding medium,
respectively; both being complex functions of the frequency of light [50].
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Fig. 3.1: Schematic illustration of metallic particles illuminated by an electromagnetic
wave with wavevector k. Electric field E forces electron “cloud” to move, whereas much
heavier ionic cores are virtually unaffected. When the size of particle is much smaller than
the wavelength of light it is reasonable to consider the field homogeneous on the scale of
particle dimensions.
The polarizability 𝛼, defined via p = 𝜀0𝜀m𝛼E, is therefore
𝛼 = 4𝜋𝑅3 𝜀− 𝜀m
𝜀+ 2𝜀m
. (3.2)
It follows from (3.2) that polarizability goes through a resonance under a condition
that |𝜀+ 2𝜀m| is minimal. Hence it is the relation between dielectric constants
of sphere and surrounding medium (which are both functions of wavelength) that
influences the resonant wavelength and shape of a plasmon resonance peak. For
silver and gold, this condition is met in the visible part of the spectrum, whereas
for other metals its in the near-infrared and the resulting peaks are much broader.
This resonance is also the reason for enhancement of both near fields and efficiency
with which metallic nanoparticles scatter and absorb light. Useful quantities that
characterize this phenomenon are corresponding cross sections 𝐶sca and 𝐶abs [51]:
𝐶sca =
𝑘4
6𝜋 |𝛼|
2 = 8𝜋3 𝑘
4𝑅6
⃒⃒⃒⃒
𝜀− 𝜀m
𝜀+ 2𝜀m
⃒⃒⃒⃒2
(3.3a)
𝐶abs = 𝑘Im [𝛼] = 4𝜋𝑘𝑎3Im
[︂
𝜀− 𝜀m
𝜀+ 2𝜀m
]︂
, (3.3b)
with wavenumber 𝑘 = 2𝜋/𝜆. Expressions (3.3) reveal that scattering and absorption
efficiencies strongly depend on particle dimensions, and how they are both enhanced
when the condition for plasmon resonance is met. It is worth noting that these cross
sections characterize transverse electromagnetic waves far away from the particle.
The electric near field in its vicinity must be normal to the surface in order to
satisfy the boundary conditions. Therefore the outgoing waves in the near-field
region of a particle differ from those in the far field, which is fundamental for some
applications — e.g. surface-enhanced Raman spectroscopy (SERS) [52, 53] or the
electromagnetic coupling of nearby nanoparticles (see Section 3.3).
24
1,0
0,8
0,6
0,4
0,2
0,0
400 500 600 700
99 nm
48 nm
22 nm
9 nm
160
140
120
100
80
200 40 60 10080
Fig. 3.2: (Left) Absorption spectra of colloidal solutions of spherical AuNPs with various
diameters. All spectra are normalized at their absorption maxima, which are 517, 521, 533,
and 575 nm, respectively. (Right) The plasmon bandwidth Δ𝜆 as a function of particle
diameter. After [54].
3.2 Limitations of Mie’s theory
The results of quasi-static approximation provide basic insight into mechanisms be-
hind LSPR of small metallic nanoparticles. For nanoparticles with dimensions com-
parable to the wavelength of visible light, however, this approach is no longer valid.
As the size of nanoparticles increases, higher-order modes begin to play a major role
because incident electromagnetic waves can no longer polarize the nanoparticles ho-
mogeneously. This retardation effect results in broadening of the plasmon resonance
peak in the spectra and, as these higher modes peak at lower energies, also in its red
shift with increasing particle size. This so called extrinsic size effect is illustrated in
Figure 3.2.
Another important aspect is also evident in the Figure 3.2. For metallic nanopar-
ticles with dimensions below 10nm the plasmon bandwidth Δ𝜆 anomalously in-
creases. In the quasi-static limit of Mie’s theory the size dependence of the position
and bandwidth of plasmon resonance can not arise from electrodynamics (only scat-
tering intensity depends on particle volume, see Equation 3.3). Hence another effect
must give rise to it and to explain this behaviour we must address the dielectric func-
tion of particle, which is incorporated into the theory as an input parameter. If size
of particle is large, 𝜀(𝜔) of appropriate bulk material can be inserted into the Mie’s
equations, which then describe the optical properties correctly. For small nanopar-
ticles though, so called intrinsic effects come into play and we usually incorporate
them into the theory using size-dependent dielectric functions 𝜀(𝜔,𝑅) [55]. Intrinsic
size effects reflect both changes in the structure of material as well as the influence
of the particle surface on the electronic structure and charge densities, which are
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both not covered by bulk dielectric function. The applicability of bulk dielectric
functions for nanoparticles with small dimensions is discussed e.g. in Ref. [56].
To summarize, the theoretical approach of Mie provides us with useful insight
into optical properties of small metallic particles. One should be careful though,
about the limits of the theory. For large nanoparticles, full multipole solution must
be taken into account; for small nanoparticles, the bulk dielectric function cannot
be used any more and other effects must be incorporated into the theory. Nanopar-
ticles which were used in this work are situated somewhere between these two limits.
On the lower boundary, AuNPs with diameter of 20 nm are often successfully de-
scribed with bulk gold optical properties, but for smaller nanoparticles this might be
questionable. On the upper boundary, the 80nm AuNPs reach almost one quarter
of the visible light wavelengths and the assumption of homogeneous field is rather
disputable too.
It should be also pointed out that an analytical solution of optical properties
related to surface plasmon is available only for spheres and spheroids [57] and
we must use numerical methods for solving Maxwell’s equations in other geome-
tries. These include discrete dipole approximation (DDA) [58], finite-difference time-
domain (FDTD) [59] or finite element methods (FEM) [60], where the nanostructure
of interest is represented as a number of finite polarizable elements whose mutual
interactions with applied electric field are calculated in frequency or time domain.
The results are typically well consistent with experiment [61].
Development of these methods together with increased computational power
available paved the way for large number of studies describing dependence of plas-
mon resonance spectra on different shapes of nanoparticles, including triangular
prisms, disks, wires, cubes, etc. [62]. An example of unique optical properties aris-
ing from non-spherical shape of nanoparticles is shown by extinction spectra of gold
nanorods in Figure 3.3. Gold nanorods possess a weak transverse band in the visi-
ble region corresponding to electron oscillations along the short axis (similar to gold
nanospheres), but also a strong longitudinal band in the near-infrared region corre-
sponding to oscillations along the long axis. The latter resonance is very sensitive
to the structure of nanorods and experiences a red-shift with increasing aspect ratio.
When comparing this red-shift to that of spherical nanoparticles with various diam-
eters (Figure 3.2), it is obvious that much smaller size variation (in aspect ratio)
is sufficient for even larger shift of a plasmon resonance peak. This reveals how
understanding the mechanisms of anisotropic growth of nanoparticles can result in
precise control of the resonance conditions with the possibility to shift it through a
region spanning several hundreds of nanometers.
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Fig. 3.3: Tuning of aspect ratios of gold nanorods results in different extinction spec-
tra. Qualitatively, extinction is amount of light taken away from the light beam passing
through solution of nanoparticles, and it consists of both scattering and absorption contri-
butions [51]. Two modes of electron oscillations driven by electric field E (schematically
shown) result in two modes of surface plasmon resonance — weak transverse mode insen-
sitive to shape of nanorods and strong longitudinal mode experiencing large red-shift with
increasing aspect ratio of gold nanorods. After [63].
3.3 Optical properties of nanoparticle ensembles
Another limitation of Mie’s theory is an assumption of individual non-interacting
particles. This is reasonable approximation when the density of nanoparticles in 3D
or 2D is low. However, when aggregates of metallic nanoparticles are formed either
spontaneously in liquid or intentionally by guided assembly, the electric field around
the particle at plasmon resonance affects the surrounding particles and the optical
response of the whole ensemble is changed. In other words, to appropriately model
an optical response of dense layers and aggregated clusters of metallic nanoparticles,
apart from material properties and geometrical shapes, which characterize isolated
nanoparticles, an explicit knowledge of the statistical variation of the positions and
pairwise distances of all particles should be taken into consideration [64].
The optical response of small clusters of nanoparticles can be calculated by means
of the same numerical methods mentioned above (DDA, FDTD, FEM) as well as sur-
face integral approaches including boundary element method (BEM) [65]. It should
be noted though that as nanoparticles almost touch each other in these clusters,
coupling to higher order modes such as quadrupole resonance becomes more and
more important, and methods which do not take these into account become con-
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Fig. 3.4: Self-assembled nanoshell clusters can be tailored to support tuneable electric,
magnetic, and Fano-like resonances. Electric dipole resonances generally exist for all
plasmonic nanostructures and are shown here for individual nanoshells and coupled dimers
(left). Packed trimer clusters exhibit magnetic dipole resonances and can be described as
a closed loop of nanoinductors and nanocapacitors (middle). Fano-like resonances are
supported by heptamers (right). These simulations use nanoshells with inner and outer
radii of the gold shell [𝑟1, 𝑟2] = [62.5, 85] nm. The clusters have 2 nm wide gaps filled with
dielectric spacer (dielectric constant 𝜀 = 2.5). Adapted from [67].
siderably inaccurate [66]. Examples of optical properties of clusters constituted by
silica-gold nanoshells (calculated using FEM, Comsol) are shown in Figure 3.4. The
strong electric, magnetic, and Fano-like resonances arise from the intense electro-
magnetic coupling between closely spaced particles assembled via capillary-driven
method onto a sample with with pre-patterned surface (see Figure 2.5c).
For nanoparticles that are not clustered together but are still quite close and
mutually interacting, analytical methods to model their optical response are usually
employed. It was recently showed by Antosiewicz et al. [68] that using a “film
of dipoles” approach, an amorphous array of AuNPs can be modelled, and that
controlling the characteristic distance between nanoparticles can be used for tuning
the optical response of such arrays. This effect turns up to be universal, proven
by similar study on quantum dots with diameters bellow 5 nm [69]. It was also
suggested that interaction between nanoparticles in a honeycomb lattice can result
in a collective plasmon dispersion relation similar to that of graphene [70]. These
examples reveal that analytical calculations can predict and precisely model the
optical response of arrays of nanoparticles. In this work, spectroscopic ellipsometry
was used for measuring the optical properties of metallic nanoparticles. Although
one can utilize analytical approaches similar to those described above to deal with
ellipsometric response of arrays and films of particles [71], it is also fairly convenient
to employ a theory of effective medium approximation (EMA).
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3.4 Effective medium theory in characterization
of metallic nanoparticles
Solid state matter, consisting of individual atoms, behaves as a continuum whenever
the wavelength of incident light is much larger than the lattice constant. Therefore
only smooth averages of its properties are detected whenever light at optical frequen-
cies is used as a probe, in contrast to X-rays which undergo substantial diffraction
and can thus reveal the atomic structure. Similarly, when modelling nanostructured
materials by EMA, the averaged properties characterizing the whole nanostructure
are found by various rules for mixing dielectric functions of its constituents, incorpo-
rating their volume fractions, shapes, and orientations. As a result, a system consti-
tuted e.g. of interacting metallic nanoparticles is replaced by a homogeneous layer
with effective (average) dielectric constant 𝜀eff , representing the overall response of
the modelled system (Figure 3.5a). One should be always careful though, as this
approximative treatment is valid only when the inner structure length-scale is small
compared to the wavelength. The theory behind EMA is not complicated but to
keep this text short its description will be limited only to issues directly related to
this work. The thorough derivation of several EMA rules as well as a discussion of
their applicability in various situations can be found in Ref. [72].
As denoted above, all EMA models for two-phase materials are basically formulae
for mixing dielectric functions 𝜀a and 𝜀b of the two components embedded in some
host medium 𝜀h, weighted by their volume fractions 𝑓a and 𝑓b.
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Fig. 3.5: Effective medium approximation. (a) Schematic illustration showing how a
layer of nanoparticles on the top of a silicon substrate is modelled by an EMA layer with
effective dielectric function 𝜀eff . The other option is to use pseudo-dielectric function
(will be described in Section 4.3). (b) Three types of microstructures corresponding to
significant values of a screening factor 𝑞 in EMA mixtures.
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Two standard EMA models have been used in this work — Maxwell Garnett (MG)
and Bruggeman (BEMA). The two can be expressed by a single formula [73]:
𝜀eff =
𝜀a𝜀b + 𝜅𝜀h (𝑓a𝜀a + 𝑓b𝜀b)
𝜅𝜀h + (𝑓a𝜀b + 𝑓b𝜀a)
, (3.4)
where 𝜅 is defined using screening factor 𝑞 as 𝜅 = (1 − 𝑞)/𝑞. The MG and BEMA
models are described by (3.4) after setting the host medium 𝜀h = 𝜀a and 𝜀h = 𝜀eff , re-
spectively. The former thus somehow represents the situation when a component “b”
is embedded in a host medium “a”. The latter, on the other hand, corresponds to a
self-consistent case of the host medium being the effective medium itself. The role of
the screening factor, which is used to describe the microstructure of constituents in
EMA mixtures, is illustrated in Figure 3.5b. As both models were developed assum-
ing spherical dielectric inclusions, the default screening factor is given by 𝑞 = 1/3.
Nevertheless, a columnar or laminar microstructure can be modelled by setting
screening factor 𝑞 to zero or one, respectively.
Before the application of these models to layers of nanoparticles will be shown,
the method used in this work for measuring of optical constants of such systems —
the spectroscopic ellipsometry — will be briefly described.
3.5 Spectroscopic ellipsometry
Spectroscopic ellipsometry is a method of optical characterization of materials, their
surfaces, and thin films. It is based on measurements of change in polarization of
light after its reflection from the sample of interest. Both amplitude and phase of
the two (s- and p-) components of the electric field vector [74] are in general altered
by this reflection and optical properties of the sample are “imprinted” to the state
of polarization after reflection.
Ellipsometry can be done in various experimental configurations. Measurements
in this work were done using J. A. Woollam VASE ellipsometer, which uses rotat-
ing analyzer configuration combined with a computer controlled retarder element
(compensator) — see Figure 3.6. In this setup, unpolarized light from a xenon lamp
passes through a monochromator to fixed polarizer (Glan-Taylor type) and retarder
plate which in turn select wavelength and polarization state of light incident on the
sample. The angle of incidence is set by a motor-driven goniometer and the po-
larization after reflection from the sample is extracted from light passing through a
rotating analyzer (Rochon type) or, more precisely, from its intensity at the detector
(Silicon InGaAs photodiode pair) as a function of the analyzer angle.
The outcome of the measurement are spectra of two ellipsometric parameters
𝜓 and Δ characterizing the sample optical properties, usually for several angles
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Fig. 3.6: Schematic illustration of spectroscopic ellipsometry setup with rotating analyzer
and retarder. Unpolarized light from light source and monochromator passes through a po-
larizer, reflects on the sample and its polarization state is changed. Then it passes through
a retarder, which shifts the phase, and after crossing another polarizer (called analyzer, to
avoid confusion) it hits the detector. From the light intensity as a function of rotational
angle of polarizer one can calculate ellipsometric parameters 𝜓 and Δ characterizing the
change of polarization upon reflection.
of incidence. These parameters are defined from the ratio of complex amplitude
reflection coefficients for s- and p-polarizations of the light wave, 𝑟s and 𝑟p, as
follows:
𝜌 ≡ tan𝜓 exp(iΔ) ≡ 𝑟p
𝑟s
. (3.5)
This equation shows tight relationship between measured parameters and reflection
coefficients (i.e. optical properties of the sample). Namely, 𝜓 is associated with the
amplitude part of the reflection coefficients and Δ with the phase part.
For samples representing a semi-infinite interface, the complex dielectric func-
tion of their material can be directly extracted from measured data. For more
complicated samples, however, one must find a model which will reproduce 𝜓 and
Δ spectra matching those experimentally obtained (so called fitting). The main
features of this process are a) implementing the knowledge of the sample structure
(e.g. number of layers), dimensions of the constituent entities (e.g. thicknesses of
layers), optical properties of the constituent structures (e.g. dielectric function of
known layers), etc., and b) numerical methods for minimizing mean squared error
(MSE) of the fit compared to the measured data. The complexity of this process
closely follows that of the sample structure and while it is quite straightforward in
the case of simple substrate-film systems, it may become troublesome when dealing
with samples of unknown structure or composition.
31
3.6 Analysis of films of metallic nanoparticles by
ellipsometry
Ellipsometry was chosen for analysis of random assemblies of AuNPs due to its
excellent sensitivity towards optical properties and structural differences. Three
samples denoted as Au20, Au40, and Au60 were cut from the wafer of sample B
type and partly immersed for 2 h in colloidal solutions of AuNPs with corresponding
mean diameter of 20, 40, and 60 nm. The first solution was modified by 2.5mM
hydrofluoric acid and the second two were both modified by 2.7mM hydrochloric
acid for reasons described in Ref. [75]. The partial immersion was done in order
to keep a clean silicon surface as a reference. After the deposition, uniformity of
nanoparticle film was verified by SEM (Tescan Lyra) and representative images are
presented in Figure 3.7a. Both covered and clean parts of all samples were then
measured by ellipsometric setup described in the previous section at three angles
of incidence (65°, 70°, 75°) in a wavelength range of 400–1000 nm. Experimental
results (plotted in Figure 3.7b) were fitted using models discussed below.
To obtain reasonable background for future analysis of nanoparticle films, the
data measured on reference (silicon) samples were fitted for the thickness of silicon
oxide. This is quite routine and simple process as the optical properties of both
silicon and its native oxide are very well described for wafers manufactured using
standard procedures. Indeed the thickness of the oxide was determined to be 1.8±
0.1nm for all three samples using fit with MSE < 1, indicating almost perfect match.
Let us note that such a high precision of thickness measurements is quite common
in ellipsometric studies of similar systems [76], confirming its potential for thin films
analysis.
The model for silicon substrate and the thin layer of its oxide was then fixed and
an EMA layer was added on the top of them. This layer comprised two components:
gold with bulk dielectric function obtained from ellipsometer software library (values
reprinted in Appendix A) and volume fraction 𝑓Au, and vacuum with dielectric
function equal to one and volume fraction (1− 𝑓Au). The unknown variables which
were set free during minimization procedure were the thickness 𝑡 of the EMA layer,
the volume fraction 𝑓Au, and in some cases also the screening factor 𝑞. It should be
emphasized that when using conventional minimization algorithm there is often a
risk of fitting result being only local minimum in an 𝑁 -dimensional space of 𝑁 fitting
variables. For this reason, a global minima search was performed using software
feature of VASE ellipsometer. This promised correct results even in situations when
strong correlation of parameters makes conventional fitting uncertain (which is the
case when the screening factor 𝑞 together with either 𝑡 or 𝑓Au are set free [77]).
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Fig. 3.7: Fitting of ellipsometric spectra by means of Bruggeman’s EMA. (a) SEM
micrographs of samples covered by AuNPs with diameters 20, 40, 60 nm denoted as Au20,
Au40, Au60, respectively. (b) Ellipsometric spectra of the samples measured at three
angles of incidence. Crosses correspond to measured data, dashed red lines are fits using
standard screen factor 𝑞 = 1/3, solid red lines are fits with the screen factor unfixed. The
fitting parameters are summarized in Table 3.1.
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Tab. 3.1: A summary of parameters used in BEMA fits of ellipsometric spectra from
Figure 3.7. The best MSE achieved by equivalent MG fit is appended for comparison.
sample 𝑞 𝑡 (nm) 𝑓Au (%) 𝑓obs (%) MSE MSE of MG
Au20 0.33 (fixed) 19.3± 0.6 8.3± 0.3 7± 0.5 6.3 22
Au40
0.33 (fixed) 14± 1 13± 1 4± 1 24.3 49
0.207± 0.004 31± 2 3.4± 0.2 4± 1 9.8 15
Au60
0.33 (fixed) 18± 3 10± 2 3± 1 72.4 110
0.162± 0.003 36± 2 2.4± 0.2 3± 1 20 41
Both MG and BEMA mixing rules described in previous section have been tested
for their applicability in modelling nanoparticle layers on solid substrates. Although
MGmodel was originally developed for media containing “minute metal spheres” [78]
and was also suggested as more appropriate for modelling ellipsometric spectra of
AuNP films [79], in this study the BEMA approach outperformed it in all cases (see
MSE values in Table 3.1. In fact, for the smallest nanoparticles it was expected
as the distances between nanoparticles are quite small and their concentration is
most likely out of the dilute limit of MG model. Even though the surface coverage
of larger nanoparticles is quite low, their interparticle distance (relative to their
diameter) is not that large and an assumption of only far-field interaction among
them is probably not valid, which results in limited validity of MG approach [64].
The fits of ellipsometric spectra by models employing BEMA are plotted in
Figure 3.7 and their parameters are summarized in Table 3.1. The best results
were achieved for sample Au20 which is evident when comparing corresponding
experimental and modelled spectra by MSE. The thickness of the layer is also in
excellent agreement with mean diameter of the nanoparticles, as it should be since
the voids between nanoparticles are already covered by low volume fraction of gold.
To verify the accuracy of 𝑓Au obtained from fit, the surface coverage by AuNPs was
counted for all three samples from SEM images (Figure 3.7a) and an “observed”
volume fraction 𝑓obs was calculated (see Table 3.1). The results are again in good
agreement, implying applicability of BEMA to model ellipsometric spectra of small
nanoparticles.
The quality of the fit deteriorates for larger nanoparticles, especially in regions
of plasmon resonance (500–600 nm, where a characteristic “dip” is visible in other-
wise smooth 𝜓 and Δ spectra), suggesting that our model could not account for
change in either their diameter or arrangement. Also the thicknesses of both EMA
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layers were physically incorrect as well as respective volume fractions. To improve
the performance of the model, the screening factor 𝑞 was set free for minimization.
This step indeed resulted in substantial improve of both fits, represented by better
fit performance around plasmon resonance and by a 60% drop of MSE. The vol-
ume fractions again matched those observed on real samples and the thicknesses,
although being somewhat underestimated, were much closer to their expected val-
ues. To qualitatively understand the influence of screening factor it is necessary to
compare Figure 3.5b with SEM images of samples Au40 and Au60 in Figure 3.7a.
The images reveal how the films of larger nanoparticles turn to being considerably
inhomogeneous on the scale of a single wavelength (approximately half of the re-
spective scale bar). The effective medium is thus no longer well-represented by
spherical inclusions corresponding to screening factor 𝑞 = 1/3, and it should be
getting closer to the columnar limit of 𝑞 = 0, which is exactly the case of our fitting
procedure. Lower screening factor also means that 𝜀eff is more influenced by the
phase with higher dielectric constant [73], which could also account for improved fit
performance in the resonance region.
In the first part of this chapter it has been shown how unique optical properties
of metallic nanoparticles arise from the theory of electromagnetism and can be
studied using various analytical and numerical methods. The optical properties
of ensembles of nanoparticles are especially important in the context of previous
chapter where our abilities to control dimensions and geometry of such structures
have been demonstrated. Two powerful components of thin (metal nanoparticle) film
analysis have been also described — spectroscopic ellipsometry, as the measurement
tool, and effective medium approximation, as the tool for modelling the optical
properties. It was also demonstrated that by combining these two methods one
can successfully assess the quality of nanoparticle films. The optical properties of
ordered arrays of nanoparticles have been also investigated during this study, mainly
by means of microscopic reflectometry, but partly because experimental difficulties
the results were not reliable and conclusive. Future work have thus to be addressed to
improve this aspect of nanoparticle analysis as it is crucial for further investigation of
nanoparticle clusters fabrication. In the following chapter we will introduce sensing
devices which are based on the optical properties of systems containing metallic
nanoparticles and also attempt to employ ellipsometry in detection of short DNA
molecules.
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4 BIOSENSORS
Fast, effective and low-cost biosensors are essential for future progress in all fields
of medical care. The next generation of these devices should facilitate real-time
identification of various types of biomarkers, including proteins or nucleic acids, all
in an automated way. The concept of the biomedical device with a plasmonics-
enabled detection scheme was recently summed up by Brolo [80]:
Raw biological sample is injected into the front end part of the device.
Several biochemical operations, including filtration, blood separation and
amplification by polymerase chain reaction, have been adapted for mi-
crofluidic implementation. After treatment, the sample is directed to a
sensing region containing several plasmonic elements that can be simul-
taneously interrogated for multiple analytes. Using arrays of nanoholes
or nanoparticles, the excitation and detection of SPR can be realized in a
collinear arrangement using low-cost light-emitting diode and a camera.
To achieve this goal, a progress in microfluidical manipulation, automated biochem-
ical operations, and optoelectronics is crucial. In the optoelectronic part, an appli-
cation of plasmonics seems to provide promising outcomes which can result in its
implementation to the future generation of health care devices.
4.1 Plasmonics-based biosensors
Historically, pioneering plasmonic biosensors were based on propagating form of
surface plasmons. These excitations are bound to a metal-dielectric interface (similar
to conventional waveguides), because their wavevector is larger than that of light
in the dielectric. It is also the reason why an excitation of these modes is possible
only when a wavevector mismatch is overcome by means of surface inhomogeneities
(gratings) or prism coupling [81]. The latter scheme, sometimes called attenuated
total reflection, is fundamental for vast amount of existing plasmonic biosensors.
Typically, it is achieved in the Kretschmann configuration (Figure 4.1), where a thin
metal film on one side of a glass prism is used for excitation of SPP on the metal-
dielectric interface. That results in a resonant transfer of incident light energy into
the SPP and the resonance condition can be detected by measuring the intensity of
reflected light as a function of either time, wavelength, or incident angle. Since the
first demonstration of the use of SPR for gas detection and biosensing in 1982, many
applications of SPR-based sensing devices have been described. In 1990 some have
even become commercially available (Biacore, Horiba Scientific, IBIS Technologies,
etc.)
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Fig. 4.1: Plasmonic biosensing in the Kretschmann configuration. A collimated incident
light beam is totally reflected at the prism-metal interface, while it excites the SPP at
the outer boundary of the metal by evanescently propagating through the thin film. The
resonance manifest itself by a large drop in reflected light intensity. The incident angle or
wavelength at which the resonance occurs depends profoundly on the refractive index of
material within the field penetration depth. To achieve the selectivity of the biosensor to-
wards particular molecule, the surface is often functionalized by some chemical recognition
elements (e.g. antibodies) which represent chemical counterparts for the target molecules
(e.g. antigenes). The binding event causes a change of resonance condition which can be
detected as a shift of resonance angle (for given wavelength) or resonance wavelength (for
given angle).
The electromagnetic field of SPP decays exponentially with distance from the
surface (Figure 4.1). Because of that, there is strong confinement of the field to
the vicinity of the interface (hundreds of nanometers for gold film, depending on
wavelength [82]), and the SPR condition is very sensitive to variations in the optical
properties of the dielectric superstrate. Plasmonics-based detection is thus, in fact,
measurement of changes in the effective refractive index within the field penetration
depth of SPP.
Although these measurements are not specific to molecules of choice, the biosen-
sor is usually made highly selective to the particular biomolecule by some sort of
surface chemistry modification: a chemical counterpart to the required target is
immobilized on the surface of metallic film and a change in signal is detected only
when the target molecules bind to them. Non-specific binding is prohibited by steric
or electrostatic barrier and bulk changes far away from the surface, which are of no
interest in the particular biosensor, are effectively suppressed.
The use of localised SPR for biosensing offers one promising advantage over the
propagating plasmons: the sensing region is much smaller as the field penetration
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depth is 40–50 times shorter than that of conventional SPR sensors [57]. For spher-
ical nanoparticles, for example, all reported sensing depth estimations appear to be
within 1–2 particle diameters [83]. It should be emphasized that all attributes of
electric field in the vicinity of nanoparticles can no longer be described by simple
exponential decay. The penetration depth is thus not the exact measure of the field
strength in that case. It still holds, however, that LSPR is less susceptible to impu-
rities and inhomogeneities in bulk environment and probes only changes occurring
on the surface and up to few tens of nanometers away from it, whereas SPR detects
changes up to the distance of hundreds of nanometers from the surface. Moreover,
advances in both bottom-up and top-down fabrication techniques allow us to move
the LSPR wavelength from visible to the infrared part of the electromagnetic spec-
trum (see Figure 3.3). This means we can tune the resonance to a region which is
the most appropriate for given analyte or make its linewidth narrower to increase
the sensitivity. An example demonstrating the importance of such precise control
was given by Haes et al. [84] by optimizing the LSPR-shift response to a specific
substance of interest.
Although ensembles of nanoparticles are the typical choice for application of
LSPR in biosensing, single nanoparticle LSPR spectroscopy is another option, offer-
ing sensitivity comparable to that of nanoparticle-array-based LSPR spectroscopy.
For example, triangular nanoprisms functionalized with alkanethiols of increasing
chain length show a 4.4 nm shift in maximum LSPR wavelength per each additional
CH2 group of adsorbed molecules, thus offering a very high single-particle refractive-
index sensitivity [85]. Owing to the small dimensions of single nanoparticles, there
is a potential for fabrication of miniature immunoassays for multiplex (parallel) test-
ing on less-than-micrometer scale [86]. Although high-end SPR instrumentation is
still bulky and not suitable for portable employment, it will provide performance
benchmark to novel miniature biosensors and new plasmonic based platforms should
thus outperform it in order to succeed.
To test the possibility of employing arrays of nanoparticles in biomolecule sensing,
the samples from Section 3.6 have been conjugated with oligonucleotides, i.e. short,
single-stranded DNA molecules. The basics of this bioconjugation process will be
briefly outlined below.
4.2 Bioconjugation strategies for
gold nanoparticles
The bioconjugation chemistries are usually driven by the nanoparticle surface, the
stabilizing ligand, or some functional intermediary. These three stages also corre-
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Tab. 4.1: Selected applications of representative nanoparticles-bioconjugates. After [87].
nanoparticle biological application reference
gold DNA
templated assembly,
[88, 89]
diagnostics
gold proteins/enzymes bioelectronics [88]
gold carbohydrate/peptide cellular labelling [89]
gold lipid/DNA gene therapy [90]
silver antiamyloid ligand Alzheimer’s detection [91]
silver antibodies cell surface detection [91]
spond to increasing number of possible conjugates: There are not many chemical
groups that will assure selective and secure binding of other molecules to the surface
of nanoparticles from particular material. Therefore the chemistry of stabilizing
ligands, which are inherent to all nanoparticles, is often used to drive the biocon-
jugation. The limitations are quite straightforward; not every conceivable ligand
necessary for particular bioconjugate is suitable for nanoparticles preparation and
vice versa. So sometimes complicated chemical procedures have to be carried out
with uncertain results. The alternative way is to bind the target biomolecule not
directly to nanoparticle’s ligands but rather to some functional intermediary which
contains chemical groups suitable for connecting the two. One can imagine that this
approach offers almost infinite number of possibilities how to functionalize a surface
of metallic nanoparticles. For more profound insight into this subject we refer to a
recent review by Sapsford et al. [87].
The cost of an increased selectivity and wider range of detectable substances is
that these are getting much farther from the surface of nanoparticle, out of the region
of high field intensity. This is particularly important for nanoparticles stabilized by
very long molecules (e.g. polymers) because the benefits of special nanoparticle’s
properties may diminish. In the case of citrate-stabilized AuNPs the situation is
much less complicated thanks to the thiol chemistry. The affinity of molecules with
a thiol group (–SH) towards gold surfaces is known for a very long time but although
“the chemistry involved for the chemisorption of thiols on gold is, in principle, the
most straightforward” it “remains the most enigmatic” up to the present time [92].
Keeping in mind that the details regarding some aspects of the gold-thiol interaction
might be unclear, one can still take an advantage from the strength of the Au−S
bond and utilize it in biosensing. This is especially true for proteins, peptides, and
DNA, where thiolate chemisorption forms the predominant basis of their conjugation
with AuNPs.
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To test the application of nanoparticle films in biosensing, the experiment was
designed in close cooperation with team of doc. Fojta from Institute of Biophysics
AS CR: 38-bases-long thiolated oligonucleotides1 with a binding site for protein
p53 [93] have been prepared for attachment to AuNPs.
The functionalization of AuNPs in their colloidal solutions has been satisfactorily
described in a pioneering work by group of C. A. Mirkin [94]. Their procedure
resides in simple mixing of cleaved and purified oligonucleotides with the colloidal
solution of AuNPs and subsequent salting, i.e. sequential adding of NaCl up to the
concentration of 1M, followed by incubation overnight. High concentration of NaCl
helps to screen the negative charge carried by both DNA and AuNPs, but it can
also induce irreversible aggregation of AuNPs. Therefore it has to be added in a
step-wise manner to provide enough time for DNA to adsorb and thus stabilize the
nanoparticles (the high concentration of salt is not a problem for DNA-stabilized
nanoparticles as there is also a steric barrier preventing their aggregation).
In our case, unfortunately, it was not favourable to functionalize nanoparticles
in solution prior to their assembly on silicon substrate, because the layer of DNA
on the surface of AuNPs would not be compatible with the process of deposition
described in Section 2.3. Especially, the treatment with hydrofluoric acid could
be harmful to the DNA, altering its conformation and functionality. On account
of that we decided to examine the loading of DNA to the layer of nanoparticles
which had been already immobilized on the surface. Such approach may provoke
doubts of the oligonucleotides being adsorbed not via chemisorption but only due to
weak electrostatic or van der Waals interactions. This non-specific binding of DNA,
recently investigated by group of J. Liu [95], may be detrimental for the designated
function of our oligonucleotides (the hybridization of complementary strands of DNA
or binding of protein p53) and it must be addressed by more experiments in the
future.
Bearing in mind the facts mentioned above and also results of our early exper-
iment conducted some time ago, we have decided to test a following procedure of
AuNPs’ functionalization: An aqueous solution of oligonucleotides with concentra-
tion of 30 µg/ml was drop-casted onto the samples Au20/Au40/Au60, which were
fabricated and inspected as described in Section 3.6. To assure the droplet will not
evaporate and vanish, leaving the clumps of the dried DNA behind, the samples
were kept in a chamber with stable humidity of 95% for 24 h. After this treatment
the droplet was washed away and samples were thoroughly rinsed in ultrapure water
and gently dried in a stream of nitrogen gas. Finally, they were all measured by
spectroscopic ellipsometry in the same configuration as in the previous case.
1The sequence was 5’-AAGAGGCATGTCTAGGCATGTCTCTTGATATCGAATTC–SH
with a p53 binding site marked bold.
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4.3 Ellipsometric detection of oligonucleotides
Results of the ellipsometric measurements on the samples described in the previous
section are plotted in Figure 4.2a in a form of real and imaginary parts of pseudo-
refractive indices. Pseudo-refractive index (or pseudo-dielectric function, which are
both equivalent to each other) is a form of ellipsometric spectra often used in el-
lipsometry to better visualize them. The idea behind is similar to that of EMA
(see Figure 3.5a), where the layer of nanoparticles is modelled by a uniform layer
with some effective dielectric function. In the case of pseudo- optical constants, the
whole sample (i.e. silicon substrate and everything on it) is modelled as one solid
body characterized by its appropriate pseudodielectric function. It should be em-
phasized that it is not true modelling but merely another representation of measured
ellipsometric spectra, which is somehow more explanatory because it shows directly
the optical properties (of a whole sample), which can be easily put in the context of
other fields of optics apart from ellipsometry.
Although they can be found elsewhere [73], the equations describing relationship
between 𝜓 and Δ and complex pseudo-dielectric function ⟨𝜀⟩ at a specific angle 𝜃i,
will be reprinted here to support the statement about their interchangeability from
previous paragraph:
⟨𝜀⟩ ≡ sin2 𝜃i
⎧⎨⎩1 + tan2 𝜃i
[︃
1− tan𝜓 exp(iΔ)
1 + tan𝜓 exp(iΔ)
]︃2⎫⎬⎭ . (4.1)
Additionally, relations between individual parts of dielectric function 𝜀 ≡ 𝜀1 − i𝜀2
and refractive index 𝑁 ≡ 𝑛− i𝑘, which also hold for their pseudo- equivalents, will
be for completeness reprinted as well:
𝜀1 = 𝑛2 − 𝑘2 (4.2a)
𝜀2 = 2𝑛𝑘. (4.2b)
A significant effect of the AuNP layer on ellipsometric spectra (spectra of pseudo-
refractive index, more precisely) is evident once again when comparing black (Si
without AuNPs) and blue (Si with AuNPs) lines in Figure 4.2. The data from mea-
surements after functionalization of AuNPs by oligonucleotides are plotted in the
same graphs in red. The changes of spectra after functionalization are much less pro-
found, which was expected, as the amount of DNA is low and its optical properties
are less influential. But at least in the case of Au20 the change is substantial and
it would be very useful to somehow extract the properties of the DNA layer out of
the background of silicon substrate and AuNP layer. But this is almost impossible
to do using standard fitting procedures, due to a minute amount of the DNA on the
42
4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 .0
0 .5
1 .0
1 .5 S i
 S i+ A u
 S i+ A u + D N A
A u 2 0
W a v e le n g t h  ( n m )W a v e le n g t h  ( n m )
a )
4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
2 .5
3 .0
3 .5
4 .0
4 .5
5 .0
5 .5
k

n

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 .0
0 .5
1 .0
1 .5
A u 4 0
W a v e le n g t h  ( n m )W a v e le n g t h  ( n m )
4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
2 .5
3 .0
3 .5
4 .0
4 .5
5 .0
5 .5  S i
 S i+ A u
 S i+ A u + D N A
n

k

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 .0
0 .5
1 .0
1 .5
A u 6 0
W a v e le n g t h  ( n m )W a v e le n g t h  ( n m )
k

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
2 .5
3 .0
3 .5
4 .0
4 .5
5 .0
5 .5
 
 S i
 S i+ A u
 S i+ A u + D N A
n

4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0
0 .0 0
0 .0 5
0 .1 0
0 .1 5
0 .2 0
0 .2 5
0 .3 0
   A u   A u + D N A
W a v e le n g t h  ( n m )
1 .0 0
1 .0 5
1 .1 0
1 .1 5
1 .2 0
1 .2 5
1 .3 0
1 .3 5
1 .4 0
1 .4 5
b )
k
n
e ff
k
e ff
A u 2 0
4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0
0 .0 0
0 .0 5
0 .1 0
0 .1 5
0 .2 0
0 .2 5
0 .3 0
W a v e le n g t h  ( n m )
k
e ff
n
e ff
1 .0 0
1 .0 5
1 .1 0
1 .1 5
1 .2 0
1 .2 5
1 .3 0
1 .3 5
1 .4 0
1 .4 5
   A u   A u + D N A
A u 4 0
4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0
0 .0 0
0 .0 5
0 .1 0
0 .1 5
0 .2 0
0 .2 5
0 .3 0
A u 6 0
k
e ff
W a v e le n g t h  ( n m )
1 .0 0
1 .0 5
1 .1 0
1 .1 5
1 .2 0
1 .2 5
1 .3 0
1 .3 5
1 .4 0
1 .4 5
   A u   A u + D N A n e ff
Fig. 4.2: Ellipsometric detection of oligonucleotides. (a) The measured spectra of real
and imaginary parts of pseudorefractive indices ⟨𝑛⟩ and ⟨𝑘⟩ corresponding to samples Au20,
Au40, and Au60: bare silicon surface (black), surface covered with AuNPs (blue) and
surface with AuNPs functionalized by oligonucleotides (red). Every line actually consists
of three overlapping lines corresponding to three angles of incidence; this overlapping is
a sign of correct measurement. (b) Spectra of real (red) and imaginary (black) parts of
effective refractive indices obtained from point-by-point fits of data from a). Solid lines
are before functionalization, dashed lines are after functionalization by DNA.
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sample and its uncharted optical constants. Therefore, an unconventional approach
of point-by-point fit was chosen to visualize the change, while making use of the
perfect ellipsometric modelling of the empty silicon samples.
Point-by-point fit is the least reliable method of ellipsometric spectra fitting,
which is also the least beneficial. In this method, the layer of interest is described
by a set of starting optical constants, which are then adjusted (fitted) indepen-
dently at every wavelength so that the optical properties of the sample match those
experimentally obtained. The weakest link of the point-by-point approach is the
independent tuning of optical constants which is physically incorrect because these
are bound together by Kramers-Kronig (KK) relations [96]. Therefore the results
should be always tested for KK consistency. The other disadvantage is that apart
from effective optical constants, point-by-point fit does not provide any additional
information about inner structure or other properties of the layer of interest. At
this stage, point-by-point fitting suits our purposes, as the fit quality is usually very
high and we are not yet interested in any characteristics of the DNA at this stage.
As a basis for this analysis, results of samples Au20, Au40, and Au60 fitting from
Section 3.6 (summarized in Table 3.1) were taken as a starting point. Namely, the
thicknesses of layers were fixed and optical constants corresponding to the results
produced by BEMA mixing were then adjusted at every wavelength. This way we
obtained excellent fits with MSE ≈ 1 and effective refractive indices of AuNP layers
both before and after functionalization by the DNA (plotted in Figure 4.2a as real
part 𝑛eff and imaginary part 𝑘eff).
Since the starting points were taken from high-quality fits with physically correct
background the results were expected to be physically correct as well. The effective
indices resulting from point-by-point fits were also tested for KK consistency and all
passed with very high level of certainty. It is worth noting that the results are also in
agreement with previously stated red-shift of plasmon resonance: compare the shift
of 𝑘eff peaks (which are associated with absorption by definition) corresponding to
increasing nanoparticle diameter in Figure 4.2 with the shift of absorbance spectra
in Figure 3.2. The changes of spectra after functionalization were the largest in
the case of sample Au20. The values of effective refractive index have been almost
doubled and the peak position of 𝑘eff was shifted by 7nm. Although the change in the
measured spectra of samples Au40 and Au60 is noticeable and by all means out of the
measurement uncertainty, the results of fitting analysis are not entirely conclusive.
The change in the amplitude of the peaks is significant, but its interpretation is
problematic. The shift of the peak positions towards larger wavelengths (1–3 nm) is
also detectable.
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We can infer from the results plotted in Figure 4.2 that ellipsometry is indeed a
very sensitive technique, even towards subtle changes of surface optical properties
caused by adsorption of short DNA molecules. Using modelling methods described
in this thesis (EMA, point-by-point fit) we can investigate these minute variations
in more detail. Further experiments have to be conducted, investigating e.g. the
way how oligonucleotides attach to the surface or whether they are positioned so
that hybridization with complementary strands or binding of proteins is allowed.
However, the proof-of-concept demonstration is provided here and these findings
will serve as a starting point for future work on this topic.
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5 CONCLUSIONS
Prior work in the field of metallic nanoparticles has documented that it is possible
and useful to utilize their attractive properties in various applications including de-
tection of whole range of biomolecules. Although many studies make use of nanopar-
ticles in their colloidal solutions, one can enhance and control their function even
more by their immobilization onto solid substrates. Yet to the best of our knowledge,
to achieve this goal all previous studies need some sort of serious modification of the
substrate surface, either in chemical or topographic sense.
In this thesis we have presented a novel approach to the self-assembly of AuNPs
onto silicon substrates. It has been demonstrated that by careful adjustment of pH,
affinity of AuNPs towards silicon surface can be significantly promoted. Based on the
principle introduced in previously published article it has been shown that altering
the surface chemistry can be done also using electron beam irradiation and it is
possible to achieve the self-assembly into ordered structures. Examples of resulting
shapes included precisely defined circular arrays of AuNPs or nanoparticle grids.
These new findings extend those already published by our group, demonstrating
that by employing electron beam, similar level of precision as in the case of ion
irradiation can be achieved. In the case of electrons it seems that the intersection
of applicable fluences and irradiated area dimensions is slightly narrower than in
the case of ions. Therefore the use of electrons demands increased experimental
experience. Nevertheless, damage to the surface is not an issue anymore, which is
in sharp contrast with the possible contamination of the surface by implanted ions
or even undesirable destruction of the surface topography by ion sputtering. Elec-
tron beam patterning can thus serve as a foundation for fabrication of nanoparticle
ensembles with excellent precision without any uncertainty about purity of the sur-
face. On top of that, grids of irradiated spots with carefully designed shapes can
be fabricated owing to the small dimensions of electron beam. Such patterns could
facilitate the assembly of nanoparticle clusters with desired morphology (e.g. chains
or heptamers). Future work should be addressed towards fine-tuning of this aspect
of patterning as well as towards improving lateral resolution of assembled structures
which is currently approaching 100 nm (a value similar to the one achieved by ions).
AuNPs are well known for their distinctive optical properties, particularly be-
cause of their resonant response to the incident light in the visible part of electro-
magnetic spectrum. On account of that, the second part of this thesis covers the
major aspects of metallic nanoparticles optical properties, including assessment of
Mie’s theoretical approach towards this topic, and its possible limitations. It has
also been shown that thanks to the progress in nanoparticle preparation, theories
and numerical methods which can explain optical behaviour of nanoparticles with
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non-spherical shapes have to be employed nowadays. Additionally, our ability to
organize nanoparticles calls for methods which can also cope with optical properties
of nanoparticle ensembles.
The collective properties of non-interacting nanoparticles in solutions or in very
sparse layers can be successfully described as the multiplication of single nanoparti-
cle optical response. When dealing with nanoparticle clusters or their dense layers,
though, the mutual interactions strongly influence the optical response of nanopar-
ticles both in near and far fields. A noteworthy subset of methods which can handle
this task, namely the effective media approximations, have been used in this study
to model experimental data measured by spectroscopic ellipsometry. It has been
shown that we can estimate the thickness and density of nanoparticle layer on top
of solid substrates with very good accuracy. These findings notably extend those
published in author’s bachelor’s thesis, and demonstrate the idea that superior sen-
sitivity of spectroscopic ellipsometry towards changes on surfaces can be used for
analysis of metal nanoparticle thin films.
To use this method for analysis of nanoparticle ensembles, it is always necessary
to focus the light to the structures of interest as the large scale fabrication is still
a problem. An ellipsometer with focusing probes (down to 100 µm illumination
spot) and translation stage could suit this purposes, yet such was currently not
available. Reflectometry, both in a conventional setup on optical table and within
optical microscope, was also tested while working on this thesis, but the results
were not trustworthy and often physically incorrect. Therefore an important task
for future studies is to find a method which will be able to investigate properties of
nanoparticle ensembles in fast and reliable way.
The remarkable optical properties of metallic thin films have been employed for
detection of biomolecules long time ago. However, to make use of metallic nanopar-
ticles in biosensing still remains a challenge. In the last part of this thesis the
classical sensing schemes based on plasmonics have been described, since these set
the benchmark of quality for newly developed devices. The key step in making the
sensors molecule specific is a functionalization of the sensing structures, which has
been briefly outlined and also investigated by an experiment with thiolated oligonu-
cleotides. Apparent shift of the ellipsometric data together with the successful test
of point-by-point fit applicability provided compelling evidence for employment of
spectroscopic ellipsometry in the field of plasmonic biosensing.
More experiments have to be conducted to verify the robustness of this method,
its susceptibility towards non-specific interactions and its sensitivity in further stages
of sensing applications such as evaluation of DNA-protein interactions or hybridiza-
tion of complementary single stranded DNAs.
Our ability to fabricate precisely defined arrays and clusters of nanoparticles,
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followed by finding suitable method for their analysis and especially evaluation of
their optical properties may provide starting point for fabrication of novel sensing
devices, which could compete with state of the art sensors in terms of more significant
response or smaller dimensions.
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LIST OF ABBREVIATIONS
Acronym Meaning
AuNP Gold Nanoparticle
BEMA Bruggeman’s Effective Medium Approximation
DDA Discrete Dipole Approximation
DNA Deoxyribonucleic Acid
EBL Electron Beam Lithography
EMA Effective Medium Approximation
FDTD Finite-difference Time-domain
FEM Finite Element Method
FTIR Fourier Transform Infrared
KK Kramers-Kronig
LSPR Localised Surface Plasmon Resonance
MG Maxwell Garnett
MSE Mean Squared Error
SEM Scanning Electron Microscope
SERS Surface-enhanced Raman Spectroscopy
SPP Surface Plasmon Polariton
SPR Surface Plasmon Resonance
TEM Transmission Electron Microscope
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Tab. A.1: Real and imaginary part of the refractive index of gold, which was used for
ellipsometric spectra fitting (results are shown in Figure 3.7). Material constants were
measured at J. A. Woollam, Co., and provided as a part of the VASE ellipsometer software.
Wavelength (nm) n k
390 1.6254 2.0526
400 1.6208 2.0612
410 1.6115 2.0630
420 1.5948 2.0596
430 1.5705 2.0520
440 1.5371 2.0394
450 1.4917 2.0210
460 1.4296 1.9980
470 1.3446 1.9729
480 1.2278 1.9566
490 1.0815 1.9669
500 0.9198 2.0244
510 0.7714 2.1295
520 0.6544 2.2587
530 0.5657 2.3945
540 0.4968 2.5319
550 0.4436 2.6651
560 0.4001 2.7936
570 0.3645 2.9186
580 0.3358 3.0390
590 0.3113 3.1565
600 0.2915 3.2704
610 0.2733 3.3840
620 0.2589 3.4927
630 0.2461 3.5996
640 0.2347 3.7067
650 0.2250 3.8114
660 0.2174 3.9150
670 0.2121 4.0172
680 0.2071 4.1174
690 0.2053 4.2176
Wavelength (nm) n k
700 0.2021 4.3139
710 0.2026 4.4112
720 0.2036 4.5058
730 0.2044 4.5968
740 0.2049 4.6898
750 0.2075 4.7810
760 0.2109 4.8698
770 0.2135 4.9600
780 0.2163 5.0474
790 0.2193 5.1327
800 0.2206 5.2194
810 0.2247 5.3072
820 0.2277 5.3913
830 0.2303 5.4762
840 0.2330 5.5595
850 0.2364 5.6473
860 0.2404 5.7277
870 0.2433 5.8105
880 0.2459 5.8917
890 0.2460 5.9723
900 0.2495 6.0561
910 0.2555 6.1370
920 0.2579 6.2205
930 0.2603 6.3013
940 0.2654 6.3788
950 0.2668 6.4607
960 0.2670 6.5410
970 0.2783 6.6194
980 0.2761 6.6996
990 0.2775 6.7788
1000 0.2820 6.8529
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